A variety of medicinal products have been associated with rash and normally this information should be available in the Summary of Product Characteristics (SmPCs). Our study aimed to investigate the frequency of rash as an adverse drug reaction, based on the information provided by SmPCs of 1,048 single active substances (international non-proprietary names) authorized in the United Kingdom. Data on rash frequency was collected from each SmPC using automated searches based on selected keywords. Data analysis was carried out using R, v. 3.4. We found that over 90% of the medicines used orally or by injection may be associated with rash as an adverse event, the most common classes being protein kinase inhibitors, anticancer medicinal products, monoclonal antibodies, biologicals, antivirals and retinoids, with high variations in rash frequency for products within the same class, but also for products with the same active substance. Analysis of SmPCs revealed the need to increase homogeneity in reporting rash frequency, by using Council for International Organizations of Medical Sciences classification, and Medical Dictionary for Regu latory Activities coding in a more standardized manner, and also the need to include more safety endpoints in clinical trials and to use better the safety results for publication and updating the SmPCs.
Introduction
A 'rash' is defined as a 'sudden skin eruption' and is the main driver of patients to visit a dermatologist. A rash is often the result of an underlying disease (1) , but a variety of medicinal products have also been associated with rashes. An eruptive skin rash associated with fever or other systemic symptoms is sometimes described as an 'exanthema' (1) or 'maculopapular rash', although (as shown below), the term (or its derivation, 'exanthematous eruptions') is used to describe the most common form of cutaneous eruption, consisting in an acute and extensive eruption of small fixed erythematous spots that become whitish or pale when applying pressure (2) .
It has been estimated that ~1-7% of all hospital admissions or referrals from primary care are related to skin adverse drug reactions (ADRs) (3, 4) . Of these, the majority (almost half) are represented by exanthema (maculopapular rash), as confirmed by multiple observational studies (4) (5) (6) and it has been claimed that almost all medicines have been associated with rash (7) .
Allergic and non-allergic hypersensitivity reactions.
Immune-mediated adverse drug reactions, generally described as 'hypersensitivity reactions' or 'allergic reactions/allergy' are not limited to rash, but they may include it, as they may be expressed in a variety of clinical forms, from maculopapular exanthema to urticaria, angioedema or anaphylaxis (8) . Equality is often placed between 'hypersensitivity reactions' and 'allergic reactions', nevertheless not all drug hypersensitivity reactions are of an allergic nature. The term 'nonallergic drug hypersensitivity reactions' is used in accordance with the international consensus to describe drug reactions similar to allergy, but for which no immunological mechanism has been proven (9) . Instead, the phrase 'drug allergy' is reserved for those cases where an immune mechanism involving either antibodies or T cells mediates the reaction. The international consensus recommendation is that for general communication purposes in the case of a suspicion of drug allergy the term 'drug hypersensitivity reaction' should be used (9) . In a cross-sectional study among a general population sample a prevalence of 7.8% of 'drug allergy' has been found based on self-report by the responders (10) (since this was self-reported, and thus the allergic nature was only suspected, the term 'drug hypersensitivity reaction' would have been preferable).
Immediate and delayed allergic reactions. According to their onset, drug induced allergic reactions may be immediate and delayed (non-immediate). Immediate drug induced allergic reactions occur soon after administration of the causative agent and are likely to be mediated by IgE (9) . Although periods as short as 1 h have been proposed and are still used (11) , it has been rightly pointed out that a reasonable period to label one drug reaction as 'immediate' should be longer, up to 6 h (9, 12) . Immediate allergic reactions may manifest through a diversity of symptoms: urticaria, angioedema, anaphylaxis or anaphylactic shock, conjunctivitis, rhinitis, bronchospasm or even gastrointestinal symptoms (nausea, vomiting, diarrhoea and abdominal pain) (9, 11, 13) . Delayed drug hypersensitivity reactions usually occur after several or many days of treatment, although occurrences as soon as 1 h after the initial drug administration are possible (9) .
Rash classification. Although drug rashes may be classified according to their mechanism of action, such classification is usually of little use in diagnosing and managing an undifferentiated rash in clinical settings. Therefore, a morphological classification in seven groups has been proposed for the cutaneous rashes most frequently encountered in the clinical practice, the first three being the most common and the last more rare: a) exanthema (maculopapular rash): simple exanthemas (typically maculopapular rash) or complex exanthemas (such as DRESS -drug-reaction with eosinophilia and systemic symptoms); b) dermatitis (eczema): phototoxic reactions, photoallergic reactions, primary dermatitis reactions and drug induced xerosis; c) urticarial reactions: anaphylactic and anaphylactoid reactions, acetylsalicylic acid associated urticarial (chronic urticarial exacerbation by aspirin), angioedema, urticarial vasculitis, serum-sickness-like reaction; d) pustular rash: acute generalized erythematous pustulosis (AGEP) and DRESS; e) blistering rash: fixed-drug eruption, Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS-TEN), drug-induced pemphigus, drug-induced bullous pemphigoid, pseudoporphyria, drug-induced linear IgA bullous dermatosis; f) purpuric rash: drug-induced vasculitis, warfarin-induced skin necrosis, heparin-induced skin necrosis; and g) Erythrodermic rash (2) .
Summaries of product characteristics. The Summary of Product Characteristics (SmPCs) represent the official information approved by the competent authorities granting marketing authorizations for medicinal products within the European Union, intended for healthcare professionals and allowing them to use a specific product safely and effectively (14, 15) . Although recognized as a comprehensive source of information (16) , in the last 10-15 years, SmPCs have been criticized for a number of shortfalls in their structure (16) and in the information they convey, with respect to clinical pharmacology contents (17) , therapeutic drug monitoring (18, 19) , dose adjustment in renal impairment (20, 21) , drug-drug (16, 22) and drug-food interactions (23) , use of medicinal products in pregnancy and lactation (15) or the information provided about biosimilar medicinal products (24) .
Although various narrative reviews have been published on rash and other adverse drug reactions in general (2, 13, (25) (26) (27) (28) , as well as for different therapeutic groups (29) (30) (31) (32) (33) , no comprehensive review of rash as an adverse effect of medicines has been published. In the present study we report on our investigation of the frequency of rash as an adverse drug reaction, based on the information provided by SmPC. We also critically reflect on shortfalls identified in the way this information is included in SmPC and the inconsistencies we have identified.
Materials and methods
SmPCs of medicines corresponding to 1,048 single active substances (international non-proprietary names) authorized in the United Kingdom (irrespective of the authorization procedure) were retrieved from the electronic Medicines Compendium (eMC) website (https://www.medicines.org.uk/ emc). When more than a quarter of the SmPC were retrieved and analysed, the eMC migrated its website to a new version, while still making available the old version of the website. To have consistency, we have kept using the old version of the website throughout the data collection and verification. Only medicinal products containing a single active substance were used, excluding fixed-dose combinations (FDCs) or products containing various mixtures, such as herbal extracts or blood fractions. Salts of different organic cations have been considered the same active substance, but esters have been counted as different [e.g., triamcinolone hexacetonide and triamcinolone acetonide have been counted as different products, because clinical data have indicated that they behave similarly only in certain conditions, e.g., the effect of the latter is equivalent to that of the former if used at a double dose (34) ]. Instead, different names for the same ester have been considered as a single active substance and product, respectively (e.g., triptorelin embonate and triptorelin acetate have been considered as two distinct substances, whereas triptorelin embonate and triptorelin pamoate have been considered as the same substance, although they were indexed under different active substance names on the eMC website). If several products were authorized for the same active substance (e.g., generic products) we retrieved two (if only two products were available) or three SmPCs (if more than two products were available). Thus, a total of 1743 of SmPC were retrieved and analysed for the purpose of this study. We have limited our search to those SmPC referring to active substances that are used on an oral or parenteral route of administration, with the exclusion of topical or other routes (e.g., rectal, inhalation). Sublingual tablets were included, whereas transdermal patches, although systemic, were excluded. Data on rash frequency was collected from each SmPC using automated searches based on the following keywords: 'rash', 'exanthema', 'urticaria', 'hypersensitivity', 'anaphylactoid', 'anaphylactic' (photosensitivity was not included). Initially we intended to use exclusively the keyword 'rash', but by comparing different SmPCs for the same active substance we found that sometimes the alternative keywords were used for the same active substance. We have also visually examined section 4.8 ('Undesirable effects'), in the part of tabulated adverse events or for the paragraphs under the headings 'Skin and subcutaneous tissue disorders', 'Immune system disorders', 'General disorders and administration site conditions' or equivalent headings in older SmPCs, to identify other terms that may potentially describe rash. We have discovered during the writing of this study that the SmPCs for a small number of products have become unavailable on the eMC website (e.g., lomitapide, regadenoson and vecuronium).
For each active substance and from every SmPC corresponding to that particular active substance, information on rash frequency was collected, using the conventional language currently used by the SmPC template within European Union: very common (≥1/10); common (≥1/100 to <1/10); uncommon (≥1/1,000 to <1/100); rare (≥1/10,000 to <1/1,000); very rare (<1/10,000). The inconsistencies observed among different SmPCs for the same active substance determined us to use certain conventions in tabulating the frequencies. Rather surprisingly, for the same active substance in a number of cases different SmPC included different frequencies; in such cases the highest frequency was tabulated (but an annotation was made in the collection form). The same solution was adopted when different frequencies were stated inside the same SmPC (either for data referring to different indications, e.g., different frequencies found in clinical trials performed in different indications, or for data referring to two types of rash, e.g., maculopapular rash and DRESS). In SmPCs approved rather long ago (although they may have been relatively recently revised, but have been initially approved longer time ago), words like 'rare' or 'rarely' do not have the quantitative meaning they have in the current SmPCs, therefore if such was the case, the frequency for such SmPCs was tabulated as 'not known'. Where for the same product both 'rash' and 'urticaria' or other terms were listed among adverse events, we tabulated the higher frequency. Rash listed as an injection site reaction was excluded. The standard contraindication 'Hypersensitivity to the active substance or to any of the excipients', which is copy-pasted automatically in any SmPC was not considered a statement about the occurrence or frequency of rash for any product.
Statistical analysis. The data analysis was carried out in the computing and programming environment R, v. 3.4.4 (35) . Proportions were compared using the Fisher's exact test, at a confidence level of 0.995.
Results
The distribution of rash frequencies among the 1,048 active substances is shown in Table I . Among these, about one quarter (27 active substances, 23.68% of the subgroup having rash as a very common adverse reaction) belong to the larger class of protein kinase inhibitors (most of them tyrosine kinases, but also a few serine/threonine or mitogen-activated protein kinases): afatinib, alectinib, axitinib, bosutinib, cabozantinib, ceritinib, cobimetinib, crizotinib, dabrafenib, dasatinib, erlotinib, gefitinib, ibrutinib, imatinib, lapatinib, lenvatinib, nilotinib, nintedanib, osimertinib, pazopanib, ponatinib, regorafenib, sorafenib, sunitinib, trametinib, vandetanib, and vemurafenib.
Rash as a 'very common
An additional group of 19 active substances (e.g., 16 .67% of those with rash as a very common adverse reaction) were monoclonal antibodies: adalimumab, alemtuzumab, atezolizumab, blinatumomab, brentuximab vedotin, cetuximab, ipilimumab, necitumumab, nivolumab, ocrelizumab, ofatumumab, palivizumab, panitumumab, pembrolizumab, pertuzumab, rituximab, siltuximab, trastuzumab, and trastuzumab emtansine. Thus, tyrosine kinase inhibitors and monoclonal antibodies represent together (slightly) over 40% of the medicines causing rash with high frequency.
Targeted and non-targeted anticancer medicinal products with different mechanisms of action are also well represented among the medicinal products frequently associated with rash. We identified 26 such products, besides the tyrosine kinase inhibitors or monoclonal antibodies shown above, representing 22.81% of the subclass: anastrozole, azacitidine, bicalutamide, busulfan, cladribine, cytarabine, docetaxel, doxorubicin, everolimus, fulvestrant, gemcitabine, hydroxycarbamide, idelalisib, ixazomib, lenalidomide, daunorubicin (liposomal), mitotane, paclitaxel, paclitaxel formulated as albumin bound nanoparticles, pemetrexed, pentostatin, raltitrexed, ribociclib, tamoxifen, temozolomide, temsirolimus, thiotepa and vismodegib.
A fourth group of medicinal products causing frequently rash consists of other biologicals: aldesleukin (IL-2), filgrastim, human immunoglobulin, interferon α-2b, interferon β-1b, In the up-to-date SmPC, the 'not known' frequency label is used when the frequency cannot be estimated from the current data. In our study, however, the same label has also been used for the older SmPC, in which the CIOMS classification has not been applied (e.g., when the SmPC mentioned rash as an example of adverse reaction occurring in 'isolated cases', or 'rarely', the 'not known' label was used). b The 'none' label was used for those product/active substances for which rash or an alternative term suggesting rash as a possible adverse reaction (e.g., hypersensitivity, allergy, urticaria) was found in SmPCs.
peginterferon α-2b, alglucosidase, asparaginase, idursulfase, laronidase, and sebelipase-α. A fifth group distinguished among the products for which rash is a very common adverse reaction is represented by various antivirals: efavirenz, etravirine, foscarnet, nevirapine, ribavirine, ritonavir, simeprevir, sofosbuvir, and tenofovir disoproxil.
A smaller, sixth group is represented by retinoids: acitretin, bexarotene, isotretinoin and tretinoin. Together, the six groups discussed above cover 84.21% of all medicines identified as causing rash with a relatively high frequency.
The remainder consists of various product with different indications and mechanisms of action: atovaquone, pyrimethamine (antiparasitics-antiprotozoal agents), atropine (anticholinergic alkaloid), carbamazepine, lamotrigine (antiepileptic/anticonvulsants), sirolimus (mTOR inhibitor, as everolimus and temsirolimus, already mentioned above among antitumor agents), glatiramer (polymer used in the treatment of multiple sclerosis), ivacaftor (CFTR potentiator used in the treatment of cystic fibrosis), pierfenidone (used in the treatment of idiopathic pulmonary fibrosis), terbinafine, voriconazole (antifungal), meptazinol (opioid analgesic), misoprostol (prostaglandin analog), strontium ranelate (used in the treatment of osteoporosis) and mesna (used to prevent urothelial toxicity in patients treated with ifosfamide and cyclophosphamide).
Rash as a 'common' adverse reaction. More than a quarter (25.50%) of the medicinal products analysed had rash as a 'common' adverse reaction [Table SII (https://figshare.com/ articles/Untitled_Item/7144277)]. Monoclonal antibodies were also relatively well represented, numerically similar (18), but proportionally less (P=0.004) than among the group with rash as a 'very common' adverse reaction (6.74 vs. 16.67%): avelumab, certolizumab pegol, daclizumab, denosumab, eculizumab, elotuzumab, evolocumab, golimumab, guselkumab, infliximab, inotuzumab ozogamicin, mepolizumab, natalizumab, obinutuzumab, ramucirumab, ranibizumab, tocilizumab, and vedolizumab. Unlike monoclonal antibodies, for which rash may be a 'very common' or just 'common', a single tyrosine kinase inhibitor was found to cause rash as a 'common' adverse reaction, tofacitinib.
The pharmacological or chemical classes of medicinal products having rash as a 'common' adverse event are more diverse than those having it as a 'very common' adverse reaction. A broad variety of other medicinal products also had rash as a 'common' adverse drug reaction: Acamprosate calcium (used in the treatment of alcohol dependence), lacidipine (the only calcium channel blocker), calcitriol, alfacalcidol (analogs/active forms of vitamin D), allopurinol, febuxostat (antigout medications), anagrelide (used for the reduction of elevated platelet counts), ataluren (for the treatment of Duchenne muscular dystrophy), atracurium, suxamethonium (neuromuscular blockers), baclofen, dantrolene (skeletal muscle relaxants), buspirone, meprobamate (anxiolytic), flumazenil (benzodiazepine antagonist), eprosartan (angiotensin receptor blocker), carbimazol (antithyroid), cimetidine (H 2 histamine receptor antagonist), cinacalcet (calcimimetic), cobicistat (pharmacokinetic enhancer), deferasirox (iron chelator), digoxin (cardiotonic), dimethyl fumarate, teriflunomide (medications for multiple sclerosis), dobutamine, midodrine (sympathomimetics), donepezil (cholinesterase inhibitor used in Alzheimer disease), memantine [N-methyl-D-aspartate (NMDA) blocker used in Alzheimer disease], rasagiline (antiparkinson), sodium oxybate (central nervous system depressant), dronedarone (antiarrhythmic), eltrombopag (thrombopoietin agonist), mesalazine, olsalazine (antiinf lammatory agents for IBD), etomidate, ketamine (anaesthetics), hydroxychloroquine (antimalarial), pentamidine, tinidazole (antiprotozoal), lansoprazole (proton pump inhibitor), leflunomide [disease-modifying antirheumatic drugs (DMARDs)], montelukast, zafirlukast (leukotriene receptor antagonists), moxonidine (centrally acting anti-hypertensive), prazosin, terazosin (α-adrenoreceptor antagonists), mycophenolate mofetil, tacrolimus (immune suppressants), obeticholic acid (farnesoid X receptor agonist), mercaptamine (used in the cystinosis treatment), sodium phenylbutyrate (used in urea cycle disorders), pilocarpine (used orally in xerostomia), tadalafil [phosphodiesterase type 5 (PDE5) inhibitor], sugammadex (agent used for the reversal of neuromuscular blocking), tolvaptan (vasopressin receptor 2 antagonist), and varenicline (α4β2 neuronal nicotinic acetylcholine receptor agonist).
Rash as an 'uncommon' adverse reaction. About one in every fifth (20.82%) medicinal product used systemically has rash as an 'uncommon' adverse reaction [Table SIII (https:// figshare.com/articles/Untitled_Item/7144277)]. Only six monoclonal antibodies have associated rash with this lower frequency: Belimumab, ixekizumab, omalizumab, reslizumab, secukinumab and ustekinumab. No tyrosine kinase inhibitor has rash as an uncommon adverse reaction. The number of medicinal products used for the treatment of cancer and the number of antivirals are also very small, limited to five (chlorambucil, cisplatin, fluorouracil, irinotecan and pixantrone) and three molecules (entecavir, oseltamivir and zidovudine), respectively.
The pharmacological or chemical classes of medicinal products having rash as an 'uncommon' adverse event are as diverse as those with rash as a 'common' adverse reaction. The most frequent ones include: a) Other biologics (than monoclonal antibodies), 11.47% among this frequency group: Aflibercept, albutrepenonacog alfa, anakinra, aprotinin, cetrorelix (synthetic peptide), A broad variety of other medicinal products also had rash as an 'uncommon' adverse drug reaction: acetylcysteine, erdosteine (mucolytics); alendronate/alendronic acid, zoledronic acid (bone resorption inhibitors); plerixafor (immune stimulant used to augment mobilisation of haematopoietic stem cells to the peripheral blood for collection followed by transplantation); alfuzosin, doxazosin, tamsulosin (α-adrenoreceptor antagonists); mirabegron (β3-adrenoceptor agonist used in overactive bladder syndrome); progesterone, ulipristal acetate (progestins); testosterone undecanoate; macitentan (endothelin receptor antagonist); alitretinoin (retinoid); alprostadil, mifepristone (prostaglandins); apremilast, roflumilast (PDE4 inhibitors); sildenafil, vardenafil (PDE5 inhibitors); atosiban (oxytocin antagonist); azathioprine, ciclosporin, methotrexate (immunosuppresants); caspofungin (antifungals); cetirizine, levocetirizine, rupatadine (H1 histamine antagonists); cisatracurium, mivacurium (neuromuscular blockers); cyproterone (antiandrogen); deflazacort, triamcinolone acetonide (glucocorticoids); diazepam, midazolam maleate (benzodiazepines); eletriptan, rizatriptan (vascular 5-HT 1B and neuronal 5-HT 1D agonists used as antimigraine medicines); ziconotide [N-type voltage-sensitive calcium channels (NCCB) inhibitor analgesic]; fampridine (potassium channel blocker used in multiple sclerosis); galantamine (cholinesterase inhibitor used in Alzheimer disease); pitolisant (H 3 histamine receptor inverse agonist used in the treatment of narcolepsy); riluzole (glutamate signaling inhibitor used in amyotrophic lateral sclerosis); glycerol phenylbutyrate (for urea cycle disorders); nitisinone (inhibitor of 4-hydroxyphenylpyruvate dioxygenase, used in hereditary tyrosinemia type 1); hexaminolevulinate, verteporfin (used in photodynamic therapy); paricalcitol (vitamin D analog); melatonin; nicotine, nicotine resinate; tocofersolan (PEG derivative of α-tocopherol). Rash as a 'very rare' adverse reaction. Only ~3% of the 1,048 medicines analysed had 'rash' listed as a 'very rare' event [Table SV (https://figshare.com/articles/Untitled_ Item/7144277)]. These are quite diverse with respect to their structure and pharmacological classification: A few biologics (choriogonadotropin alfa, follitropin alfa, ganirelix, glucagon, human coagulation factor VIII, lenograstim, lutropin alfa, protein C), antiarrhythmics (amiodarone, disopyramide), calcium channel blockers (verapamil), angiotensin receptor blockers (candesartan), cardiotonic agents (milrinone), platelet aggregation inhibitors (eptifibatide), diuretics (torasemide), benzodiazepines (clobazam), antipsychotics (clozapine), neuromuscular blockers (rocuronium, vecuronium), anaesthetics (propofol), antidiabetics agents (metformin), antiallergics (desloratadine, loratadine, mizolastine), antibiotics (gentamicin, metronidazole, metronidazole benzoate), progestins (levonorgestrel), bronchodilators (salbutamol), diagnostic agents (indigo carmin), ursodeoxycholic acid, folinic and levofolinic acid.
Medicines without rash as an adverse reaction. Within the 1,048 products included in the analysis 82 (7.83%) did not listed 'rash' or an alternative term at all in the SmPC (Table SVI; https://figshare.com/articles/Untitled_Item/7144277). These were as diverse as the majority of groups, including: a) Monoclonal antibodies (no less than 6: bezlotoxumab, brodalumab, canakinumab, daratumumab, dupilumab and idarucizumab). b) Other biologics (beractant, follitropin-δ, menotrophin, nusinersen, ocriplasmin, parathyroid hormone and somatorelin). c) Two Janus kinase inhibitors (baricitinib and ruxolitinib). d) One antiviral agent (dasabuvir). e) Four antitumor agents (lomustine, nelarabine, tioguanine and venetoclax). f) Several opioid agonists and antagonists (alfentanil, methylnaltrexone, nalmefene and naloxone), as well as a synthetic cannabinoid (nabilone). g) A number of products for which there is good reason to assume they are almost harmless: Adenosine, ascorbic acid, betaine, cholic acid, colesevelam, dihydrotachysterol, dopamine, ethanol, glycerol, lactulose, levocarnitine, levomenthol, magnesium aspartate, menadiol, methylcellulose, patiromer sorbitex (antidote for hyperkaliemia, is not absorbed or metabolized), pyridoxine, sodium citrate.
Besides the examples mentioned above, a broad variety of chemical structures and pharmacological groups belong to this class of products for which no rash is mentioned in the SmPCs: Antihistamines (bilastine), somatostatin analogs (pasireotide diaspartate and pamoate), an inhibitor of L-tryptophan hydroxylases, used in carcinoid syndrome diarrhoea (telotristat), a transthyretin stabilizer, used in familial amyloid polyneuropathy (tafamidis), a catecholamine-depleting medication used in hyperkinetic movement disorders (tetrabenazine), an androgen and anabolic steroid (nandrolone), a calcimimetic (etelcalcetide), a vassopresin analog (terlipressin), an oxytocin receptor agonist (carbetocin), a stimulator of soluble guanylate cyclase used in pulmonary hypertension (riociguat), a selective D 2 receptor agonist used in hyperprolactinemia (quinagolide), a 5-HT4 receptor agonist used for constipation (prucalopride), a selective serotonine reuptake inhibitor used in premature ejaculation (dapoxetine), two inhibitors of glucosylceramide synthase used in Gaucher's disease (miglustat, eliglustat), two corticosteroids (beclometasone dipropionate, budesonide), two antiparkinson medications (opicapone, tolcapone), a reversible acetylcholinesterase inhibitor (edrophonium), an antiarrhythmic (vernakalant), several sympathomimetics (adrenaline, ephedrine, metaraminol), an α-blocker (phenoxybenzamine), an antimuscarinic (propantheline), a sedative (dexmedetomidine), a benzodiazepine (alprazolam), an antipsychotic (amisulpride), an anticonvulsant (perampanel), a respiratory stimulant (doxapram), an antidote (dimercaprol), two diagnostic agents (tilmanocept, 5-aminolevulinic acid), anti-tuberculosis medication (bedaquiline) and two antiseptics (amylmetacresol, and hexylresorcinol).
Medicines for which rash frequency is not known. For 235 medicines of the 1,048 analysed (more often than one in every five), the frequency of rash as an adverse reaction is not estimated within the SmPCs [Table SVII (https://figshare.com/ articles/Untitled_Item/7144277)].
Discussion
It has been previously stated that almost all medicines have been associated with rash (7) . Our analysis confirms that over 90% of the medicines used orally or by injection (92.17% to be precise) may be associated with rash as an adverse event, but its frequency varies considerably. About one in every ten such products is associated very frequently with rash (more than 10% of the patients treated), and about one in every three medicines is associated very frequently or frequently with rash (more than 1% of the patients treated).
It is interesting to notice that the large majority of protein kinase inhibitors have rash as an adverse reaction with a very high frequency, except for tofacitinib (rash described as 'common'), baricitinib, and ruxolitinib (no rash at all). All three exceptions are inhibitors of Janus kinases, and it is interesting to contrast this minority with the high majority, for which rash is not only very frequent, but it may also be a useful marker for efficacy (36, 37) . It is also interesting to note that whereas baricitinib has no rash as an adverse reaction, it does have acne as such a reaction, and the rash in the case of other protein kinase inhibitors may be acneiform (papulopustular) and be prevented by oral tetracyclines (37, 38) . Although most protein kinase inhibitors do have rash as a very common adverse drug reaction, meta-analysis data indicate that there are differences among different molecules, e.g., it is significantly more frequent with afatinib (84.8%) than with erlotinib (62.0%) or gefitinib (62.0%) (39) . It seems that increased expression of IL-8, attracting neutrophils, is responsible for the occurrence of rash associated with these molecules, and its inhibition (e.g., with dapsone) is able to improve this adverse event (40) . Our analysis was focused exclusively on the frequency of rash, irrespective of its severity or seriousness, since this information is available just in a small minority of SmPCs. Data from several tyrosine kinase inhibitors show that rash of grade 3/4 occurs with a much lower frequency, varying between 1 and 13%, unlike all rashes, which have frequencies of 47% or higher (41) .
The relationship between monoclonal antibodies and skin rash is at least interesting. Numerous monoclonal antibodies trigger the occurrence of rash with a high frequency. This should not necessarily be surprising, because they are foreign proteins and in a simplified scheme of things antibodies are produced to defend a host against foreign proteins (as parts of potential invaders) (42) . More interesting, though, is the finding that although over 35 monoclonal antibodies have rash as a 'very common' or 'common' adverse reaction, there is a smaller number (seven in our analysis) of antibodies for which rash is an uncommon or rare event, and more interesting, there are monoclonal antibodies not associated with rash at all. Is there a scientific explanation for these differences? Is it related more to the target of these antibodies or to the production process, their chemical structure (primary structure, glycosylation patterns etc), or the expression system and purification steps applied in their production? The fact that bezlotoxumab is an antitoxin antibody, targeting a prokaryote protein and is associated with a very limited number of adverse events [its safety profile being similar to that of placebo (43) ], whereas other antibodies targeting human proteins have a higher number of adverse events suggests that the safety profile is probably related more to the biological target than the expression system and purification of the antibody. However, the understanding of the impact of the different expression systems and glycosylation patterns on safety profiles is currently limited (44) .
The majority of protein kinase inhibitors and many monoclonal antibodies are indicated in the treatment of cancer. Numerous other targeted and non-targeted anticancer therapies are also associated with rash with a moderate or high frequency, but rather curiously, there are also such therapies for which rash is an uncommon or rare event, and for a number of four molecules no rash was reported (lomustine, nelarabine, tioguanine and venetoclax). It is not clear what signalling pathways are involved in the rash associated with different anticancer therapies and why some of these otherwise relatively toxic medicines (e.g., lomustine or nelarabine) have (almost) no skin toxicity. The situation is similar for the increasingly large group of biologics: virtually in every frequency groups, biologics are present, suggesting that the fact that a molecule is a protein or otherwise a biological medicinal product, its administration does not necessarily associate with rash.
Most antivirals cause frequently rash, which among this therapeutic class is either very common or common. It is interesting, for instance, that whereas for tenofovir alafenamide the rash occurs as a 'common' adverse event, in the case of 'tenofovir disoproxil', according to the SmPCs, this adverse reaction is 'very common'. Although there is a perception of antibiotics (especially for penicillins) as having a high frequency of rash, they are causing generally less rash than antivirals, for most of them rash occurring as a 'common' or 'uncommon' adverse event. Many cardiovascular and neurological or psychiatric medications may also have rash as a 'common' or 'uncommon' adverse reaction, but few have rash as a 'very common' adverse reaction (a few anticonvulsants).
These assessments are impacted to some extent by the fact that for over 22% of the molecules analysed, the frequency of rash was not known in the approved SmPCs. In many cases this was stated explicitly (as frequency 'not known'), or implicitly, by not providing any information on rash frequency within the SmPC. It is likely that for most of these the frequency is moderate or low (e.g., rash should be 'uncommon', 'rare' or 'very rare'). In many cases, these adverse reactions have not been detected in clinical trials, but they have been identified in post-marketing surveillance. The fact that they did not occur in clinical trials suggests a low frequency, less than 1 in 100 or (more likely) still lower. Although this is not as essential as quantitative data on efficacy endpoints, we think that in the twentieth century more could be done to have at least a better estimate than 'not known', e.g., using meta-analyses of published clinical trials, using new clinical trials currently ongoing or using better methodologies of analysing spontaneous reporting data. Acetazolamide, for instance, according to the SmPC may cause various rashes, including erythema multiforme, Stevens-Johnson Syndrome and toxic epidermal necrolysis (45) and a limited number of case reports have been published (46) (47) (48) (49) . For these rashes, as well as for all other adverse drug reactions, no frequency information is available in the SmPCs. However, currently no less than 24 clinical trials with acetazolamide are recruiting or in preparation, according to the ClinicalTrials.gov database (50) . It is a pity that in an era of increased pressure for transparency and openness on clinical trials, with hundreds of clinical trials published with acetazolamide (a PubMed query limited to clinical trials data this year returns over 500 publications), one is not able to perform an estimation of the frequency of an adverse event. This suggests that there is still a public need to include safety endpoints in clinical trials, even if the main endpoint is focused on efficacy, and to publish the results, as this would be in the interest of the society of large, as well as in the interest of the subjects included in the trials.
The number of SmPCs containing rash (and other adverse reactions) for which the frequency is not known (or no estimate is provided in the SmPC) is actually larger, because in many cases for the same molecule some SmPCs included a semi-quantitative estimate, whereas other(s) SmPC(s) did not; in such cases, however, we based our analysis on the SmPC including frequency data. It is disconcerting to know, though, that health professionals are provided information on the same molecule by chance, depending on the SmPC they happen to read; for a generic they may find that the frequency is not known, whereas for a different generic they are provided with a frequency estimation. In the case of carboplatin, for instance, there are two products available, both generics, in slightly different pharmaceutical forms (one is a solution for infusion, the other a concentrate for solution for infusion), but in the same concentration: for one, rash is stated as a 'common' adverse reaction (51) , whereas for the other, the frequency is 'not known' (52) . When an SmPC did not contain a tabular report on adverse events (including the CIOMS frequency classification), we have considered such cases as 'frequency not known', but the language used in such SmPCs may be confusing and contradicting the wording of those SmPC using the CIOMS frequency classification. For instance, whereas two digoxin SmPCs describe the rash as a 'common' occurrence (53, 54) , a third one, not using the CIOMS frequency system, states that 'Hypersensitivity reactions have been reported rarely in patients taking digoxin'. These include pruritus, erythematous rashes, papules, vesicles and angioedema' (55) . The contrast between 'common' and 'rarely' is sufficiently sharp to raise an eyebrow, although the frequency of rash is not the most important element of an SmPC.
Many such examples are available, but even more proble matic are those SmPCs for the same active substance where different frequencies are provided for rash as an adverse reaction, all using the tabular reporting based on the CIOMS system. In certain cases, these may be due to different clinical data, generated in different conditions and with different dosages. For instance, dimethyl fumarate is authorized in UK by two different marketing authorization holders (MAHs), in two different indications (moderate to severe plaque psoriasis in adults and relapsing remitting multiple sclerosis), in different dosage forms (gastro-resistant tablets and capsules) and different strengths (30-120 and 120-240 mg, respectively). For the product authorized in relapsing remitting multiple sclerosis, rash is mentioned in the SmPC as a 'common' adverse reaction (56) , whereas for the plaque psoriasis indication rash is not explicitly mentioned in the SmPC, but 'allergic skin reaction' is indicated as a 'rare' event, and this is based on data derived from 'Fumaderm, a related medicinal product containing dimethyl fumarate along with other fumaric acid esters' (57) . In other cases, though, it is difficult to find a reasonable explanation for the differences seen in frequencies published in SmPCs, besides the use of old or partial data and lack of updating. In the case of doxorubicin (concentrates for) solutions for infusion/injection, for instance, whereas some SmPCs mention rash as a 'common' adverse event (58, 59) , the SmPC of one generic concentrate for solution for infusion mentions 'exanthema' and 'urticaria' as 'rare' adverse events (60) . In theory one could assume that the differences are derived from different formulations and clinical data, but in this case the product with a 'rare' rash is a generic, which by the regulatory standards do not come with its own data generated in full efficacy and safety trials, but through smaller bioequivalence studies. Moreover, we have looked into the public assessment report and have found that this specific generic has used the solution for injection as a European Reference Product in different EU member states, in the SmPC of which rash is mentioned as a 'common' adverse reaction (61) .
There are also frequent ways of reporting 'rash' as an adverse event within the SmPCs. Not only are some SmPCs still in a narrative format, with no tabular content for adverse events and their frequencies (e.g., for edrophonium, ephedrine, gliclazide). For mebeverine, for instance, a very limited number of adverse events are included in section 4.8 of the SmPC, being stated that 'The following adverse reactions have been reported spontaneously during post-marketing use. A precise frequency cannot be estimated from available data' (62) . However, more adverse events than those included in the SmPC are available from clinical trials, and could be used to update the SmPC. A mere PubMed search returned at least four easily accessible clinical trial publications (63) (64) (65) (66) , one in paediatric patients and three in adults (636 patients treated with mebeverine) in which safety data have been published; two additional trials available only as abstracts in PubMed reported no adverse event in ~300 additional patients treated with mebeverine (67, 68) . More information needs to be retrieved on the 7% skin adverse reactions (coming from 20 patients) reported by Jones et al (65) , but these data show that section 4.8 of the SmPC could as a matter of fact be updated with information on adverse event frequencies based on clinical data published. The European legislation (Directive 2001/83/EC) imposes an obligation on MAHs to 'forthwith supply to the competent authority any new information which may entail the amendment' of SmPC (69). It seems that whereas some MAHs have updated their SmPC with new information, others have failed to do so, and due to overload, regulatory authorities intervene reactively, rather than proactively, in the contents of SmPCs.
Finally, we have identified a broad variety of reporting rash in SmPCs, from one active substance to another, but also among different SmPCs for medicinal products containing the same active substance. For products containing atracurium, for instance, the same formulation and strength (10 mg/ml solution for injection or infusion), one product states 'urticarial' only, as 'rare' (70), another states 'urticaria' only, as 'common' (71) , and a third one lists 'rash' as 'common' and 'urticaria' as 'rare' (72) . In many cases 'rash' is used with no qualifier, whereas in others, complex definitions are used, such as 'rash consists of one or more of the preferred terms of rash, drug eruption, rash macular, rash papular, erythema, rash maculo-papular, rash pruritic, and urticarial' (73) . Despite the existence of a standardised medical terminology dictionary (MedDRA) whose use is compulsory for pharmaceutical companies, our research shows that there is still work to do in order to facilitate reporting of adverse events in a more uniform and standardized mode that should allow better comparisons across different products from different companies (taking into account the inherent limitations and constraints of such comparison exercises).
Further efforts are needed for increasing the homogeneity of rash frequency reporting in SmPCs, by using of CIOMS classification and MedDRA coding in a more standardized manner, for allowing informed and valid comparisons across different products from different companies.
